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SUMMARY 


/f^The  stress-rupture  properties 
determined  for  rupture  times  up  to 


of  5 -mil- diameter,  type*218CS  tungsten  wire  were 
about  200  hours  at  test  temperatures  from  1200  to 


2500°  F.  Results  showed  that  the  rupture  properties  were  superior  to  those  reported  for 


other  forms  of  tungsten,  other  refractory  metals,  and  superalloys  in  this  temperature 
range.  The  onset  of  primary  re  crystallization  observed  between  1800°  and  2000  F  was 
indicated  by  a  decrease  in  microhardness,  a  decrease  in  ductility,  and  a  coarsening  of 
grain  size.  The  strength  superiority  of  the  wire  over  the  other  materials  was  maintained 
beyond  the  onset  of  primary  recrystallization 


INTRODUCTION 


In  recent  years,  I  considerable  interest  has  been  generated  in  the  field  of  fiber- 
reinforced  metallic  composites.  This  interest  has  been  stimulated  by  the  prospect  of 


developing  engineering  materials  that  utilize  the  high  strengths  available  in  metallic  fi¬ 
bers  by  using  them  to  reinforce  a  metallic  matrix^^^ 

The  feasibility  of  producing  composites  of  this  type  is  demonstrated  for  a  model  sys¬ 
tem  in  references  1  to  3.  These  references  show  that  th^  room-temperature  tensile 
properties  of  tungsten-fiber-i2einfor(^ed  copper  compgsjj^  are  proportional  to  the  tensile 
properties  of  the  comnonentsV  ^imilar  results  are  reported  in  references  4  and  5,  where 
investigations  of  ^he  tensile  pro^’^es  of  tungsten-fiber- reinforced  copper-alloy  matrix 


composites  are  described.  In  these  investigations  the  tensile  properties  of  these  com¬ 
posites  were  found  to  obey  a  "law-of-mixture"  type  relation  with  fiber  content.  Refer¬ 
ence  5  also  shows  that  these  relations  are  valid  for  elevated-temperature  tensile  proper¬ 


ties  of  composites. 

Although  there  are  many  applications  for  the  high  tensile  property  potential  of  com 
posite  materials,  there  are  other  applications  that  require  stress  for  long  times  at 


elevated  temperatures.  For  these  applications,  the  stress-rupture  properties  of  com¬ 
posites  must  be  determined.  Since  the  properties  of  a  composite  are  dependent  on  the 
properties  of  the  components  and  since  the  fiber  is  the  primary  strengthening  component 
in  the  composite, f^e  first  step  toward  designing  a  composite  and  analyzing  its  behavior 
in  stress-rupture  would  be  the  determination  of  the  stress-rupture  properties  of  the 
fiber.  ^ 

Tungsten  fibers,  which  were  used  in  the  previous  investigations  (refs.  1  to  5)  repre¬ 
sent  a  logical  choice  for  study  because  of  their  high  tensile  strength  at  both  room  and 
elevated  temperatures  and  because  of  their  elevated-temperature  stability.  Tensile  data 
for  tungsten  in  rod  or  bulk  form  are  available  over  a  wide  temperature  range;  However, 
comparison  of  the  tensile  properties  of  wire  (refs.  5  to  8)  and  rod  (refs.  7  to  9)  forms 
indicates  that  data  for  tungsten  in  rod  form  are  considerably  lower  than  data  for  tungsten 
in  wire  form,  both  at  room  and  elevated  temperatures. 

Stress -rupture  data  for  rod  tungsten  are  also  available  over  a  wide  temperature 
range.  In  view  of  the  difference,  however,  in  tensile  properties  between  rod  and  Avire, 
the  rod  tungsten  rupture  data  may  not  be  applicable  to  wire.  Very  few  stress-rupture 
data  for  tungsten  wire  are  available  in  the  literature.  Data  presented  in  reference  10 
show  the  stress-rupture  properties  of  70-mil-diameter  tungsten  wire  tested  at  tempera¬ 
tures  of  3000*^  to  4400*^  F  for  rupture  times  up  to  200  minutes.  These  data  show  that,  at 
the  lower  test  temperatures,  wire  was  slightly  better  than  rod  tungsten,  but  the  advantage 
was  lost  at  the  higher  test  temperatures.  Data  are  presented  in  reference  11  for  the 
stress -rupture  properties  of  5-mil-diameter,  as-drawn  tungsten  wire  at  temperatures 
of  1500^  and  1800^  F  tested  in  vacuum  for  rupture  times  up  to  225  hours.  These  results 
are  considerably  higher  than  those  of  bulk  tungsten.  Since  practically  no  data  are  avail¬ 
able  for  fine-diameter  tungsten  wire  at  temperatures  of  1200^  to  2500*^  F,  which  is  a 
temperature  range  of  interest,  it  was  felt  desirable  to  conduct  stress -rupture  tests  on 
tungsten  wire  in  these  temperature  and  size  ranges. 


/  This  investigation  was  therefore  conducted  to  determine  the  stress -rupture  proper- 

•  ■  Ir/  '  Q 

ties  of  5- mil-diameter,  as-drawn  tungsten  wire  at  test  temperatures  ranging  from  1200 
to  2500^  F  and  to  compare  these  results  with  those  of  some  of  the  stronger  materials  for 
which  data  are  available  in  this  temperature  range.  Finally,  it  was  intended  to  deter¬ 
mine  whether  the  stress -rupture  properties  of  the  tungsten  wire  were  sufficiently  high  to 
have  promise  for  use  as  a  reinforcing  fiber  for  high-temperature  composites. 

■v  _0  _5 

The  wires  were  tested  in  a  vacuum  of  1x10  to  5x10  torr  for  rupture  times  up  to 
225  hours.  The  fracture  area  of  the  wire  specimens  was  examined  after  fracture  and 
reduction-in-area  measurements  were  made.  Microhardness  and  metallographic  exami¬ 
nations  were  also  made.  . 
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MATERIALS 

1  All  wire  used  in  this  investigation  was  taken  from  a  single  spool  of  5-mil-diameter 
tungsten  wire  (General  Electric  type  218CS)  in  the  as-received  condition^  This  type  of 
wire  was  selected  because  it  permitted  comparison  of  results  from  previous  investiga¬ 
tions  (refs.  1,  2,  4,  5,  and  11)  in  which  the  same  type  of  wire  was  used.  The  wire  was 
selected  for  use  in  the  previous  work  because  of  its  high  tensile  strength. 

]i  Type  218  tungsten  wire  was  made  by  adding  small  amounts  of  potassium  silicate  and  alu¬ 
minum  chloride  in  aqueous  solution  to  tungsten  oxide  powder  and  subsequently  reducing  the 
oxide  to  powdered  metal  for  processing  into  bar  stock  by  powder  metallurgical  techniques. j 
Tli^bar  was  ultimately  drawn  into  wire  (ref.  12).yT^hus,  type  218  wire  is  doped  tungsten.  This 
type  of  wire  is  generally  used  at  incandescent  temperatures  and  is  deliberately  processed  to 
yield  a  large-grained  recrystallized  structure  withproper  orientation  of  grain  boundaries 
with  respect  to  the  wire  axis  whenusedat  these  temperatures  (ref.  13).  This  structure  is  as¬ 
sociated  with  mechanical  and  thermal  stability  at  temperatures  in  excess  of  4000®  F.  The  CS 
represents  an  industrial  designation,  which  indicates  that  it  is  the  same  type  of  wire  as  in  the 
as-drawn  condition  but  has  received  an  additional  cleaning  and  straightening  operation.  J 


APPARATUS 


ure  1. 


equipment  used  to  conduct  constant-load  stress-rupture  tests  is  shownrin  fig- 


Figure  1.  -  Filament  stress-rupture  apparatus  showing  layout  of  furnaces,  loading  train,  and 
microswitches  located  within  environmental  chamber. 
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The  wire  was  cut  to  15-inch  lengths  and  threaded  through  the  tantalum- wound  resis¬ 
tance  furnaces  mounted  horizontally  on  a  bedplate.  The  wire  test  specimen  was  clamped 
to  a  fixed  mount,  strung  through  the  furnace,  passed  over  a  pulley,  and  attached  to  the 
appropriate  weight.  Test  loads  were  determined  on  a  double  pan  balance  with  a  sensi¬ 
tivity  of  ±0. 1  gram.  The  weights  were  supported  by  the  retractable  supports,  while  the 
furnaces  and  wire  test  specimens  were  heated  to  the  test  temperature  and  stabilized. 
Located  directly  under  the  weights  are  microswitches,  which  are  actuated  by  the  fallen 
weights  as  each  specimen  breaks.  Each  microswitch  is  connected  in  series  with  a  fur¬ 
nace  and  an  elapsed  time  meter.  When  the  specimen  failed,  the  microswitch  shuts  off  the 
furnace  and  the  elapsed  time  meter.  In  addition,  some  short  time  tests  were  timed  with 
a  stop  watch. 

The  entire  assembly  was  covered  by  a  glass  or  a  cooled  metal  bell  jar.  Testing  was 
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conducted  in  a  vacuum  of  1x10  to  5x10  torr.  Individual  furnace  temperatures  were 
monitored  with  platinum  -  platinum- 13-percent-rhodium  thermocouples.  The  thermo¬ 
couples  were  protected  and  supported  by  a  two-hole  insulating  ceramic  tube  positioned 
parallel  to  the  long  axis  of  the  furnace  and  parallel  to  the  wire  under  test.  The  unpro¬ 
tected  thermocouple  bead  was  positioned  within  0.  5  millimeter  of  the  wire  specimen  at 
the  midpoint  of  the  hot  zone  of  the  furnace.  Since  the  thermocouple  bead  was  not  in  actual 
contact  with  the  wire  specimen,  a  calibration  was  necessary  to  correlate  the  temperature 
of  the  specimen  to  that  of  the  monitoring  thermocouple.  To  make  this  calibration,  a 
butt- welded  thermocouple  was  threaded  through  the  furnace  and  fixed  in  the  same  manner 
as  the  test  specimen;  that  is,  one  insulated  leg  was  passed  through  the  fixed  mount, 
while  the  other  insulated  leg  was  passed  over  the  pulley  and  attached  to  the  weight  pan. 

The  thermocouple  was  not  loaded  but  was  merely  attached  in  s  manner  so  as  to  avoid 
slack  and  maintain  position.  The  butt-welded  bead  was  placed  in  the  center  of  the  hot 
zone  and  within  0.  5  millimeter  of  the  monitoring  thermocouple.  The  readings  of  these 
two  thermocouples  were  then  compared  as  the  furnace  was  heated  and  after  it  was  allowed 
to  stabilize.  The  thermocouples  read  within  ±3°  F  of  each  other  after  stabilization. 

During  the  stabilization  and  testing  periods,  the  monitoring  thermocouples  were  re¬ 
corded  by  a  recording  potentiometer  with  a  sensitivity  of  ±2*^  at  1800°  F  and  monitored  by 
a  potentiometer  with  a  sensitivity  of  ±0.  5°  F.  The  test  temperature  did  not  vary  more 
than  ±5°  F  during  the  course  of  a  test. 

Frictional  losses  associated  with  the  pulley  over  which  the  wire  specimen  rests  were 
approximately  1  percent  of  the  suspended  load.  This  was  determined  by  measuring  the 
additional  weight  required  to  cause  movement  of  the  balanced  weights  suspended  over  the 
pulley. 

The  apparatus  and  the  procedure  used  to  test  the  filaments  in  stress -rupture  are 
described  in  detail  in  reference  11. 
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TABLE  I.  -  STRESS -RUPTURE  PROPERTIES  OF  5 -MIL -DIAMETER,  AS -DRAWN  TUNGSTEN  WIRE 


Specimen 

Tem¬ 

pera¬ 

ture, 

°F 

Stress, 

psi 

Life, 

hr 

Area 

reduc¬ 

tion, 

percent 

Room- 

temperature 

bend 

behavior 

Cracking 

Specimen 

Tem¬ 

pera¬ 

ture, 

Stress, 

psi 

Life, 

hr 

Area 

reduc¬ 

tion, 

percent 

Room- 

temperature 

bend 

behavior 

Cracking 

5W-12-01 

1200 

205  000 

0.6 

87 

Ductile 

None 

5W-20-01 

2000 

100  000 

0.37 

90 

Brittle 

None 

5W-12-02 

200  000 

.5 

83 

5W-20-02 

95  000 

.66 

90 

None 

5W-12-03 

195  999 

.9 

82 

5W-20-03 

90  000 

.8 

60 

Thin 

5W-12-04 

190  000 

5.0 

82 

5W-20-04 

85  000 

2.2 

63 

5W-12-05 

185  000 

5.0 

79 

5W-20-05 

80  000 

2.0 

48 

5W-12-06 

185  000 

5.4 

79 

5W-20-06 

80  000 

2.6 

64 

5W-12-07 

180  000 

8.6 

84 

5W-20-07 

80  000 

2.7 

56 

5W-12-08 

175  000 

9.9 

84 

5W-20-08 

75  000 

3.2 

48 

5W-12-09 

170  000 

18.1 

78 

5W-20-09 

75  000 

7.5 

59 

1 

5W-12-10 

165  000 

37.1 

74 

5W-20-10 

75  000 

7.7 

59 

Thick 

5W-12-11 

160  000 

49.2 

76 

5W-20-11 

72  000 

9.7 

44 

Thick 

5W-12-12 

160  000 

57.6 

79 

5W-20-12 

72  000 

9.8 

41 

Thin 

5W-12-13 

155  000 

76.5 

66 

5W-20-13 

72  000 

15.6 

12 

Thin 

5W-12-14 

153  000 

93.6 

73 

5W-20-14 

70  000 

15.1 

12 

Thin 

5W-12-15 

148  000 

168.0 

87 

5W-20-15 

70  000 

17.1 

(a) 

(a) 

5W-20-16 

70  000 

22.8 

23 

Thin 

5W-15-01 

1500 

200  000 

(b) 

88 

Ductile 

None 

5W-20-17 

65  000 

69.5 

(a) 

Thin 

5W-15-02 

175  000 

(b) 

87 

5W-20-18 

60  000 

146.8 

19 

Thick 

5W-15-03 

175  000 

(b) 

90 

5W-15-04 

150  000 

.6 

85 

5W-23-01 

2300 

63  000 

1.0 

24 

Ductile 

Thin 

5W-15-05 

150  000 

.9 

87 

5W-23-02 

60  000 

1.5 

34 

Ductile 

Thin 

5W-15-06 

150  000 

1.1 

86 

5W-23-03  ! 

55  000 

4.5 

54 

Brittle 

None 

5W-15-07 

145  000 

1.8 

86 

5W-23-04 

50  000  ' 

7.8 

45 

None 

5W-15-08 

140  000 

1.2 

87 

5W-23-05 

50  000 

10.8 

19 

Thick 

5W-15-09 

140  000 

1.4 

83 

5W-23-06  ' 

45  000 

11.1 

36 

Thin 

5W-15-10 

135  000 

3.4 

85 

5W-23-07 

45  000 

24.4 

27 

Thin 

5W-15-11 

130  000 

6.5  ' 

85 

5W-23-08 

40  000 

76.4 

15 

Thin 

5W-15-12 

125  000 

16.1 

86 

5W-23-09 

38  000 

107.0 

29 

Thick 

5W-15-13 

120  000 

63.5 

87 

5W-25-01 

2500 

50  000 

.8 

28 

Ductile 

Thin 

5W-15-14 

115  000 

192.  5 

86 

5W-25-02 

45  000 

2.0 

50 

Ductile 

Thin 

5W-18-01 

1800 

150  000 

(b) 

90 

Ductile 

None 

5W-25-03 

42  000 

2.5 

42 

Brittle 

None 

5W-18-02 

135  000 

.1 

95 

5W-25-04 

40  000 

5.2 

50 

5W-18-03 

125  000 

.2 

92 

5W-25-05 

40  000 

6.6 

45 

5W-18-04 

120  000 

.24 

90 

5W-25-06 

37  000 

6.6 

52 

5W-18-05 

115  000 

.7 

93 

5W-25-07 

35  000 

13.8 

44 

5W-18-06 

110  000 

3.0 

93 

5W-25-08 

35  000 

16.6 

54 

Ductile 

5W-18-07 

110  000 

4.0 

87 

5W-25-09 

30  000 

24.9 

27 

5W-18-08 

107  000 

7.1 

90 

Brittle 

5W-25-10 

30  000 

35.1 

23 

5W-18-09 

105  000 

11.0 

90 

5W-25-11 

25  000 

116.8 

33 

5W-18-10 

105  000 

19.0 

86 

5W-25-12 

25  000 

162.4 

28 

Brittle 

Thin 

5W-18-11 

100  000 

7.6 

88 

5W-18-12 

100  000 

20.5 

79 

Thin 

5W-18-13 

97  000 

79.8 

82 

Thin 

5W-18-14 

95  000 

95.9 

77 

Thin 

5W-18-15 

90  000 

224.7 

70 

Thick 

^No  data  available. 
^Broke  on  loading. 
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PROCEDURE 


Ductility 

— —  W 

Elevated  temperature.  -I  After  testing,  the  fracture  area  of  each  wire  specimen  was 
examined  on  a  microscope  comparator  at  a  magnification  of  100,  and  reduction-in-area 
calculations  were  made.  |  The  initial  diameter  was  0.  0050±0.  00005  inch.  The  final  diam¬ 
eter  at  fracture  was  measured  with  a  comparator  micrometer  that  had  a  sensitivity  of 
±0.  00005  inch.  The  reduction-in-area  values  were  considered  accurate  to  ±l-percent 
reduction  in  area.  The  reduction-in-area  data  were,  in  most  cases,  the  average  of  two 
observations.  Along  with  reduction-in-area  measurement,  it  was  noted  whether  or  not 
circumferential  cracking  was  observed  near  the  fractwe. 

Room  temperature,  room-temperature  ductility  was  determined  after  rupture 

failure  by  a  simple  bend_t§^^  The  specimen  wire  was  manually  bent  near  the  fracture 
edge  through  a  90°  arc  over  a  25-mil  mandrel  (a  5t  bend  test).  Wires  that  were  bent 
without  failure  were  classified  as  ductile,  while  those  that  fractured  were  classified  as 
brittle. 


Metallographic  Examination 

fitter  testing,  wires  were  mounted  and  polished  for  metallographic  examination.  |  The 
wires  were  etched  with  Murakami’s  Etchant  (10  cc  potassium  hydroxide,  10  cc  potassium 
ferricyanide,  and  100  cc  water)  to  reveal  the  structure  of  the  tungsten  wire.  Photomicro¬ 
graphs  were  then  taken  at  magnifications  of  250  and  1000. 


Microhardness  Testing 

r 

‘  Microhardness  tests  were  conducted  within  1/4  inch  of  the  fracture  edge  on  polished 
longitudinal  sections  of  tungsten  wire.  || Diamond  Pyramid  hardness  of  wire  in  metallo¬ 
graphic  mounts  was  determined  with  a  200-gram  load  on  the  indentor. 


RESULTS 


Stress-Rupture  Results 

'p- — 

Stress -rupture  data  for  5-mil-diameter,  as-drawn  tungsten  wire  are  shown  in  table  I 
and  plotted  on  a  log  stress  -  log  rupture  time  basis  in  figure  2.  | Tests  were  conducted 


Rupture  life,  hr 

Figure  2.  -  Stress  as  function  of  rupture  life  for  5- mil-diameter,  as-drawn  tungsten  wire. 


TABLE  n.  -  CALCULATED  STRESS^  TO 
GIVE  RUPTURE  TIMES  OF  1,  10,  AND 
100  HOURS  FOR  5-MIL-DIAMETER, 


AS  DRAWN  TUNGSTEN  WIRE 


Temperature, 

Stress  for  rupture,  psi 

1  hr 

10  hr 

100  hr 

1200 

199  100 

175  500 

154  800 

1500 

145  600 

130  400 

116  700 

1800 

116  000 

104  500 

94  200 

2000 

88  100 

73  300 

61  000 

2300 

62  800 

49  000 

38  300 

2500 

49  100 

35  900 

26  200 

^Calculated  from  values  which  yielded 
least-squares  fit  for  the  equation 
log  stress  =  log  a  +  slope  x  log  rupture 
time  where  a  is  stress  to  give 
rupture  time  of  1  hr. 


over  a  temperature  range  from  1200*^  to  2500*^  F, 
with  stresses  selected  to  cause  failure  in  times  up 
to  about  200  hours. 

The  lines  shown  in  figure  2  represent  a  least 
squares  fit  of  data  for  each  test  temperature.  There 
was  little  scatter,  and  the  data  remained  linear  with 
test  times  up  to  about  200  hours  for  each  tempera¬ 
ture.  No  break  or  discontinuity  in  the  curves  was 
observed  up  to  these  failure  times.  The  curves  for 
each  temperature  are  relatively  flat,  and  a  small 
change  in  stress  caused  a  large  difference  in  rup¬ 
ture  time.  The  curves  were  also  nearly  parallel, 
but  the  slope  became  slightly  steeper  at  the  higher 
test  temperatures. 

flhe  results  of  a  least  squares  fit  through  the 
data  at  each  test  temperature  are  tabulated  in 
table  II.  The  equations  of  the  lines  obtained  at  each 
temperature  were  solved  for  the  stress  intercept  to 
cause  rupture  at  1,  10,  and  100  hours,  ^ 
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Temperature,  °F 


Figures.  -  Stresses  required  to  give  rupture  lives  of  1,  10,  and 
100  hours  for  5-mil-diameter,  as-drawn  tungsten  wire  at  various 
temperatures. 


Rupture  time,  hr 

Figure  4.  -  Changes  in  ductility  with  test  temperature  for  5-mil- 
diameter,  as-drawn  tungsten  wire. 


effect  beyond  that  of  increased  temperature 


The  data  shown  in  table  n  were 
plotted  in  figvire  3  as  a  function  of  tem¬ 
perature.  This  curve  shows  the  rela¬ 
tion  between  test  temperature  and  the 
log  of  stress  required  to  cause  rupture 
in  1,  10,  and  100  hours.  A  linear  de¬ 
crease  in  the  log  of  stress  for  rupture 
for  each  of  the  times  was  obtained  be¬ 
tween  1200^  and  1800^  F.  A  second 
linear  decrease  with  a  steeper  slope 
was  obtained  for  each  time  curve  for 
test  temperatures  between  1800°  and 
2500°  F.  The  curves  for  each  of  the 
selected  rupture  times  showed  this  dis¬ 
continuity  or  breakoff  between  1800° 
and  2000°  F.  The  lower  temperature 
portions  of  the  curves  for  different  rup¬ 
ture  times  were  parallel;  at  the  higher- 
temperature  portion,  however,  the 
curves  were  divergent.  The  slope  be¬ 
came  greater  with  increasing  rupture 
time.  The  divergence  of  the  higher- 
temperature  portion  of  these  curves 
indicated  that  increased  time  at  these 
elevated  temperatures  had  an  additive 
in  causing  property  degradation. 


Ductility  Results 


Elevated-temperature  ductility.  -  The  elevated-temperature  ductility  of  the  tungsten 
wire  specimens  tested  in  this  investigation  was  determined  through  reduction-in-area 
measurements.  The  reduction-in-area  results  are  presented  in  table  I.  A  plot  of  reduc¬ 
tion  in  area  against  log  rupture  time  is  presented  in  figure  4.  The  data  in  the  table  for 
|~*^ecimens  tested  at  1200°,  1500°,  and  1800°  F  exhibited  high  reduction-^in-area  values 
"and  were  combined  into  a  single  scatter  band  in  figure  4.  The  data  for  specimens  tested 
at  2300°  and  2500°  F  showed  low  reduction-in-area  values  and  were  combined  into  an¬ 
other  scatter  band  in  figure  4.  The  ductility  of  specimens  tested  at  2000°  F  showed  a 


transitional-type  behavior./  At 

a 


short  rupture  times  the  ductility  was  within  the  range  of 

a 


Temperature,  °F 


Figure  5.  -  Mtcrohardness  of  5-mihdiameter,  as-drawn  tungste 
wire  after  short  and  long  rupture  times  at  temperatures  up  to 
2500°  F. 


the  1200°  to  1800°  F  scatter  band,  while 
at  intermediate  rupture  times  the  ductil¬ 
ity  fell  to  between  the  two  scatter  bands, 
and  at  longer  rupture  times  the  ductility 
fell  within  the  2300°  to  2500°  F  scatter 
band.  In  general,  both  scatter  bands 
showed  reduced  ductility  with  increasing 
rupture  time. 

Room-temperature  ductility.  -  The 
room-temperature  ductility  of  the  timg- 
sten  wire  specimens  tested  in  this  inves¬ 
tigation  was  determined  through  a  bend 
test  at  room  temperature  following 


stress-rupture  failure.  The  bend  behavior  of  these  specimens  is  shown  in  table  I.  Wire 
l^ecimens  tested  for  short  and  long  times  at  1200°  and  1500°  and  for  short  times  at 
1800°  F  were  ductile  at  room  temperature.  Brittle  failures  were  encountered  after 
longer  rupture  times  at  1800°  F.  Wires  tested  at  2000°,  2300°,  and  2500°  F  were  gener¬ 
ally  brittle  and  fractured  on  bending.  |  The  room-temperature  ductility  decreased  with  in¬ 
creasing  time  under  test  at  temperatures  of  1800°  F  and  above. 


Microhardness  Results 

^T^e  results  of  Diamond  Pyramid  hardness  tests,)  using  a  200-gram  load,  taken,  on 
wire  specimens  tare  shoi^in  figure  5.  Two  curves  are  shown  in  this  figure,  on^for 
short  rupture  times  (1  to  7  hr)  and|another)for  longer  rupture  times  (145  to  225  hr) .  | 

]f Both  curves  show  a  drop  in  hardness  from  the  as-received  condition  with  increasing 
test  temperature.  Both  curves  also  show  a  pronounced  drop  in  hardness  at  test  temper¬ 
atures  above  1800°^fJ[  Slightly  lower  hardness  values  were  obtained  from  wire  speci¬ 
mens  with  longer  ruptune  times  when  compared  with  specimens  with  short  failure  times. 
Each  hardness  value  shpwn  in  figure  5  represents  the  average  of  at  least  two  hardness 
readings. 


Metallographic  Results 


Photographs  of  fractures  typical  of  the  ductile  lower  temperature  behavior  and  the 
brittle  higher  temperature  behavior  are  shown  in  figure  6. 


{a)  Ductile;  specitr.en  5W-12-05.  (b)  Brittle;  specimen  5W-25-11. 

Figure  6.  -  Photomicrographs  of  typical  ductile  and  brittle  fracture  modes.  Murakami's  etch;  X250. 


Photomicrographs  of  the  microstructures  of  typical  specimens  that  failed  at  rupture 

times  up  to  about  18  hours  at  various  temperatures  are  shown  in  figure  7.  testing 

o  ^ 

at  temperatures  up  to  1800  F,  the  microstructure  shows  a  fibrous  structure  typical  of 
the  as-drawn  wire^JThese  photographs  show  that  the  microstructure  undergoes  some 
coarsening  after  exposure  to  increasing  test  temperatures.  ^There  is  not  much  change  in 
microstructure  with  exposure  up  to  1800*^  F.  Exposure  to  test  temperatures  of  2000^  F 
and  above,  however,  showed  a  much  greater  amount  of  coarsening  of  grains,  and  at 
2500^  F  much  of  the  fibrous  structure  had  been  lost.  | At  these  higher  temperatures,  it 
appears  that  the  fibrous  structure  is  being  replaced  wijth  a  columnar  grain  structure, 
which  maintains  the  same  general  orientation  but  has  a  coarser  appearance  than  the 


fibrous  structure. 


In  addition  to  the  microstructural  changes,  some  wire  specimens  exhibited  circum¬ 
ferential  cracking.  The  occurrence  of  cracking  is  noted  in  table  I,  and  a  photograph  of 
a  typical  cracked  specimen  is  shown  in  figure  8. 


DISCUSSION 

The  stress-rupture  properties  obtained  for  5 -mil -diameter  tungsten  wire  in  this  in¬ 
vestigation  were  found  to  compare  favorably  with  other  materials  under  consideration  for 
use  in  this  temperature  range.  Stress-rupture  properties  of  tungsten  wire  were  found  to 


10 


(e)  Specimen  5W-20-14;  temperature, 
2000°  F;  exposure,  15.1  hours. 


(f)  Specimen  5W-23-04;  temperature,^ 
2300°  F;  exposure,  7.8  hours. 


(g)  Specimen  5W-25-08:  temperature, 
2500°  F;  exposure,  16.6  hours. 


Figure  7.  -  Photomicrographs  of  tungsten  wires  tested  at  various  temperatures.  Murakami's 
etch;  XIOOO  (reduced  40  percent  in  printing). 


Figure  8.  -  Photomicrograph  of  fracture  zone  of 
tungsten  wire  showing  circumferential  cracking  on 
surface.  Specimen  5W-18-15;  Murakami's  etch; 
XIOOO  (reduced  13  percent  in  printing). 
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Figure  9.  -  Stress  required  for  rupture  in  1  hour  as  func¬ 
tion  of  temperature  for  several  forms  of  tungsten. 


be  superior  to  published  data  available  for  other  forms  of  tungsten,  other  refractory 
metals,  and  superalloys.  The  properties  obtained  were  related,  to  a  large  degree,  to 
the  recrystallization  behavior  of  the  tungsten  wire. 


r;, 


Comparison  of  Stress-Rupture  Properties  of  Tungsten 
Wire  With  Other  Forms  of  Tungsten^ 


The  stress-rupture  results  of  5-mil-diameter  tungsten  Avire  are  compared  with  re¬ 
sults  from  other  studies  of  the  stress-rupture  properties  of  timgsten,  in  different  forms, 
as  a  function  of  temperature  in  figure  9.  The  plot  covers  the  temperature  range  from 
1000^  to  5000^  F  and  shows  the  stress  to  cause  rupture  in  1  hour.  The  1-hour  rupture 
stress  was  used  since,  in  many  cases,  only  short-time  rupture  data  were  available  in  the 
literature.  These  data  are  plotted  on  a  linear  plot  to  show  more  clearly  the  differences 
in  properties.  The  data  for  rod  tungsten  from  reference  9  were  extrapolated  to  1-hour 
lives  by  using  the  Larson-Miller  parameter  plot  given  in  the  reference.  The  rest  of  the 
data  presented  in  figure  9  were  taken  directly  from  references  10  and  14  to  16. 
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Figure  9  shows  that,  at  temperatures  up  to  2500°  F,  the  as -drawn  tungsten  wires 
tested  in  this  investigation  had  properties  better  than  those  of  the  50-mil-thick,  as- 
received  tungsten  sheet  reported  in  reference  14  and  also  the  60-mil  sheet  (ref.  17)  that 
had  about  the  same  properties  (not  plotted).  Data  for  tungsten  rod,  annealed  for  1  hour 
at  2900°  F  (ref.  9),  are  also  included  for  comparison.  In  this  temperature  range,  up  to 
2500°  F,  the  1-hour  rupture  stress  for  tungsten  wire  is  about  1-^  times  that  of  tungsten 
sheet  reported  in  reference  14  and  about  3  to  4  times  that  of  re  crystallized  tungsten  rod 
annealed  for  1  hour  at  2900°  F  reported  in  reference  9. 

The  plot  also  shows  that  the  superior  properties  reported  in  the  literature  for  highly 
worked  tungsten,  in  wire  or  sheet  form,  are  lost  in  the  3000°  to  5000°  F  temperature 
range.  The  merging  of  the  data  for  wire,  sheet,  and  rod  above  3000°  F  is  believed  to  re¬ 
sult  from  recrystallization.  It  would  be  expected  that  the  data  from  wires  tested  in  this 
investigation  also  would  merge  at  these  higher  temperatures. 


/  Comparison  of  Stress-Rupture  Properties  of  Tungsten  Wire  With  Superalloys 

and  Other  Refractory  Metals  and  All^s  j  ^ 

A  great  deal  of  research  is  being  directed  toward  the  creation  of  improved  structural 
materials  for  use  in  the  1500°  to  2500°  F  temperature  range.  Nickel-  and  cobalt-base 
superalloys  are  usually  used  for  applications  in  the  lower  temperature  portion  of  this 
range.  Figure  10(a)  shows  a  comparison  of  the  100-hour  rupture  strengths  of  tungsten 
wire  and  two  of  the  better  nickel-base  superalloys  currently  available,  Udimet  700 
(wrought)  (ref.  18)  and  SM-200  (cast)  (ref.  19).  The  tungsten  wire  studied  in  this  inves¬ 
tigation  exhibited  rupture  strengths  that  were  superior  to  those  of  the  superalloys  through¬ 
out  the  entire  temperature  range  considered. 

The  tungsten  wire  also  exhibited  a  much  greater  thermal  stability,  as  indicated  by 
the  slopes  of  the  curves,  at  these  temperatures.  Furthermore,  the  strength  of  super¬ 
alloys  decreased  rapidly  with  increased  temperature  above  2100°  F.  In  contrast,  the 
100-hour  rupture  strength  for  the  tungsten  wire  decreased  less  rapidly  with  increasing 
temperature  and  showed  an  even  greater  superiority  over  superalloys  at  higher  tempera¬ 
tures,  as  shown  in  figure  10(a). 

Tungsten  has  a  density  about  twice  that  of  these  superalloys;  thus,  where  strength/ 
density  ratio  is  important,  the  strength  advantage  of  tungsten  wire  is  reduced.  However, 
at  2100°  F,  tungsten  remains  stronger  by  a  factor  of  5  when  stress  for  100-hour  rupture- 
life /density  ratio  values  are  compared. 

Refractory  metals  and  alloys  are  generally  used  for  high-stress  applications  at  tem¬ 
peratures  above  2000°  F,  since  this  temperature  range  is  beyond  the  normal  application 
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Material 


Reference 


O  Tungsten  wire 
□  SM-200  {cast  nickel- 
base  alloy) 

V  Udimet  700  (wrought 
nickel-base  alloy) 

O  Molybdenum  rod 
U  TZM  (Mo-0. 5Ti-0.  8Zr- 
0. 030 

^  AS-55  (Cb-5W-lZr) 


Present  study 

19 

18 

9 

20 
21 


(a)  Tungsten  wire  and  two  nickel-base  super-  (b)  Tungsten  wire  and  molybdenum  and  colum- 

alloys.  bium  alloys. 


Figure  10.  -  Stress  required  for  rupture  in  100  hours  as  function  of  temperature. 


range  of  superalloys.  Figure  10(b)  compares  the  stress  for  rupture  in  100  hours  of  tung¬ 
sten  wire  with  molybdenum  (ref.  9),  an  arc- cast,  stress -relieved  molybdenum  alloy  TZM 
(ref.  20),  and  a  columbium-base  alloy  AS-55  (ref.  21).  The  tungsten  wire  is  stronger 
than  all  other  materials  shown  in  figure  10(b).  It  was  shown  previously  (refs.  1  to  5) 
that  the  tensile  properties  of  a  composite  are  proportional  to  the  properties  of  the  com¬ 
ponents.  It  may  be  assumed  that  in  stress-rupture  testing  a  similar  relation  would  be 
valid,  and  since  the  fiber  is  the  primary  strengthening  component,  the  strongest  fiber 
would  be  expected  to  result  in  composites  having  the  highest  rupture  strength.  This  in¬ 
vestigation  has  shown  that  the  stress-rupture  properties  of  tungsten  wire  are  superior  to 
those  of  currently  available  superalloys,  other  forms  of  tungsten,  and  other  refractory 
metals  at  temperatures  up  to  2500°  F.  Therefore,  it  appears  that  tungsten  wire  has 
promise  for  use  as  a  reinforcing  fiber  for  composites  in  this  temperature  range. 

It  is  also  significant  to  note  the  increase  in  rupture  strength  of  the  molybdenum  alloy 
TZM  compared  with  unalloyed  molybdenum.  The  alloy  is  about  four  times  stronger.  If 
a  tungsten  alloy  Avith  a  comparable  strength  increase  were  drawn  into  wire  form,  greatly 
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superior  properties  could  be  obtained .  There  has  been  little  demand  for  tungsten  alloys 
with  attractive  stress-rupture  properties  in  this  temperature  range  (1500*^  to  2500®  F). 
Most  of  the  research  on  tungsten  alloy  development  has  been  in  the  3000®  to  5000®  F 
temperature  range.  In  view  of  the  superior  properties  of  tungsten  wire  from  1200®  to 
2500®  F,  it  would  appear  very  worthwhile  to  devote  research  effort  toward  the  develop¬ 
ment  of  tungsten-base  alloys  specifically  developed  for  use  as  reinforcement  of  compo¬ 
sites  in  this  lower  temperature  range. 

'  Effect  of  Recrystallization  on  the  Life  of  Tungsten 
Wire  in  Stress-Ruptur^  ^ 

The  curves  for  each  of  the  rupture  times  in  figure  3  (p.  8)  showed  a  discontinuity  or 
breakoff  between  1800®  and  2000®  F.  In  addition,  there  was  a  divergence  of  the  curves 
for  different  rupture  times  in  the  temperature  region  from  1800®  to  2500®  F. 

This  divergence  of  rupture  data  at  these  higher  temperatures  was  accompanied  by  a 
reduction  in  ductility,  as  evidenced  by  a  lowering  of  reduction-in-area  values  during  test 
and  a  brittle  room-temperature  bend  behavior  after  testing.  These  changes  in  properties 
might  be  expected  to  be  caused  by  the  onset  of  recrystallization  of  the  tungsten  wire.  An 
attempt  will  be  made  to  relate  the  recrystallization  behavior  of  the  wire  to  the  rupture 
life  in  this  section,  while  the  relation  to  ductility  will  be  discussed  in  the  final  section  of 
the  discussion. 

Analysis  of  metallographic  (fig.  7)  and  microhardness  data  (fig.  5)  suggested  the 
presence  of  recrystallization.  Between  1200®  and  1800®  F,  there  was  a  gradual  coarsen¬ 
ing  of  the  fibrous  structure  of  the  wire,  with  an  accompanying  reduction  in  hardness. 
Between  1800®  and  2000®  F,  there  was  a  significant  drop  in  Diamond  Pyramid  hardness 
(610  to  550).  For  specimens  tested  at  temperatures  between  2000®  and  2500®  F,  there 
was  a  further  drop  in  Diamond  Pyramid  hardness  (550  to  525)  accompanied  by  an  increas¬ 
ing  amount  of  replacement  of  fibrous  grains  by  columnar  grains.  The  microhardness  of 
all  wire  specimens  decreased  with  increasing  time  at  a  given  temperature. 

Similar  changes  in  microstructure  and  microhardness  have  been  observed  by  other 
investigators.  It  has  been  reported  (refs.  22  and  23)  that,  below  a  temperature  of  about 
1500®  F,  recovery  processes  were  present  with  no  accompanying  change  in  microstructure. 
Between  about  1500®  and  3000®  F,  there  was  a  coarsening  of  the  fibrous  structure,  with 
the  replacement  of  fibrous  grains  by  columnar  grains.  This  latter  process  is  considered 
a  subgrain  growth  by  references  22  and  23  and  termed  primary  recrystallization  by  ref¬ 
erence  22.  Above  3000®  F,  equiaxed  grains  are  formed,  which  both  authors  call  secon¬ 
dary  recrystallization.  Reference  22  reports  that  the  room-temperature  tensile  strength 
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of  tungsten  wires  was  reduced  somewhat  by  primary  recrystallization  in  this  temperature 
range;  however,  the  decrease  was  not  nearly  as  great  as  that  observed  for  wires  that  had 
been  given  annealing  treatments  to  cause  secondary  recrystallization.  Thus  from  these 
considerations,  it  would  appear  that  the  microstructural  and  microhardness  changes  ob¬ 
served  in  the  tungsten  wire  studied  in  this  investigation  indicated  the  onset  of  recrystalli¬ 
zation  at  temperatures  between  1800^  and  2000^  F.  It  was  also  noted  that  a  Diamond 
Pyramid  hardness  of  335  was  obtained  on  a  wire  specimen  that  had  been  fully  recrystal¬ 
lized  to  a  very  large  equiaxed  grain  structure  by  heating  to  about  5000^  F.  This  hardness 
was  significantly  below  the  500  to  550  observed  for  the  recrystallization  processes  en¬ 
countered  over  the  1800^  to  2500^  F  temperature  range  during  stress -rupture  testing. 
Equiaxed  grain  growth  did  not  occur  in  this  temperature  range,  and  the  microstructure 
was  a  heterogeneous  mixture  of  fibrous  and  columnar  grains. 

In  view  of  the  hardness  range  resulting  from  stress -rupture  testing  of  the  tungsten 
wires  tested  in  this  temperature  range  and  in  view  of  the  coarsening  of  the  microstructure 
caused  by  the  replacement  of  fibrous  grains  by  columnar  grains,  it  would  appear  that  the 
recrystallization  observed  was  similar  to  that  observed  in  references  22  and  23  and 
termed  primary  recrystallization  by  reference  22.  The  designation  of  this  recrystalliza¬ 
tion  process  as  primary  recrystallization  will  also  be  used  in  this  report.  It  would  also 
appear  that  the  deviations  in  stress-rupture  properties  observed  in  the  1800^  to  2000*^  F 
temperature  range  and  above  were  caused  by  the  onset  of  primary  re  crystallization.  It 
was  reported  in  reference  9  that  a  change  in  the  slope  of  the  plot  of  the  log  minimum  creep 
rate  against  temperature  was  noted  at  these  same  temperatures.  A  discontinuity  of  the 
Larson- Miller  parameter  plot  also  was  observed. 

Although  the  primary  recrystallization  observed  in  the  tungsten  wires  tested  in 
stress  rupture  in  this  investigation  reduced  the  stress -rupture  life  of  the  wires,  it  should 
be  emphasized  that  the  decrease  in  rupture  properties  was  slight.  The  replacement  of 
the  fibrous  grains  by  the  columnar  grains  to  form  a  heterogeneous  microstructure  of 
fibrous  and  columnar  grains  was  associated  with  the  retention  of  a  great  portion  of  the 
strength  of  the  material. 


FEffect  of  Recrystallization  on  Ductility  of  Tungsten 
Wire  in  Stress-Ruptur^J  p/r 


The  preceding  discussion  showed  the  role  of  primary  re  crystallization  and  its  effect 
on  the  stress -rupture  life  of  tungsten  wire.  The  primary  recrystallization  that  occurred 
during  stress -rupture  testing  between  1800*^  and  2500*^  F  caused  only  a  slight  reduction 
in  life,  but  it  had  a  much  greater  effect  on  the  ductility. 
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The  tungsten  wires  were  brittle  at  room  temperature  after  exposures  for  long  times 
at  1800°  F,  and  this  was  generally  true  for  all  specimens  tested  at  2000°  F  and  above. 

This  indicated  that  the  onset  of  primary  re  crystallization  was  associated  with  an  in¬ 
crease  in  the  ductile -to -brittle  transition  temperature  of  the  wires  to  above  room  tem¬ 
perature. 

The  elevated-temperature  ductility  of  wires  tested  in  stress-rupture,  as  indicated  by 
reduction-in-area  measurements,  was  also  associated  with  primary  recrystallization. 

The  reduction  in  area  of  the  timgsten  wires  exhibited  high  values  at  temperatures  from 
1200°  to  1800°  F,  a  transition  at  2000°  F,  and  low  values  from  2300°  to  2500°  F.  These 
results  are  presented  in  figure  4  (p.  8). 

The  reduced  ductility  of  the  tungsten  wires  of  this  investigation  appears  to  be  anomo- 
lous  to  that  indicated  in  the  literature  for  other  forms  of  tungsten  in  this  temperature 
range.  Data  obtained  in  this  temperature  range  for  swaged  and  annealed  tungsten  rod 
(ref.  9)  and  for  50-mil  tungsten  sheet  (ref.  14)  showed  increasing  ductility  with  increas¬ 
ing  temperature  within  the  1200°  to  2500°  F  temperature  range.  The  swaged  and  annealed 
rod  exhibited  greater  ductility  than  the  sheet.  In  addition,  high  ductility  was  observed  at 
2500°  F  in  references  17  and  24. 

Several  factors  should  be  taken  into  consideration  in  analyzing  this  apparent  anomoly. 
The  behavior  of  highly  worked  products,  such  as  tungsten  wire  or  sheet,  might  be  expec¬ 
ted  to  differ  from  that  of  swaged  tungsten  rod.  Thus,  the  high  elongation  ductility  re¬ 
ported  in  reference  9  might  be  expected  to  be  more  typical  of  tungsten  in  rod  form,  but 
not  in  wire  or  sheet  form. 

A  better  basis  for  comparison  of  ductility  may  be  to  compare  the  properties  of  the 
218CS  tungsten  wires  tested  in  this  investigation  with  those  of  the  tungsten  sheet  reported 
in  reference  14.  This  allows  a  comparison  of  a  highly  worked,  doped  form  of  tungsten 
(wire)  with  a  less  heavily  worked  form  (sheet),  which  presumably  was  not  doped. 

It  is  possible  that  the  change  in  ductility  behavior,  as  indicated  by  decreased  reduc¬ 
tion  of  area  values  and  the  occurrence  of  circumferential  cracking,  could  be  related  to 
the  differences  in  the  amoimt  of  mechanical  working  and  the  amount  of  residual  doping 
elements  between  the  wire  and  the  sheet. 

The  behavior  of  more  highly  worked,  doped,  powder -metallurgy  tungsten  wire  might 
be  expected  to  differ  from  that  of  less  highly  worked,  undoped,  powder-metallurgy  tung¬ 
sten  sheet.  The  recrystallization  behavior  of  the  wire  also  would  be  expected  to  differ 
from  that  of  the  sheet  in  that  there  would  be  a  greater  tendency  for  preferentially  oriented 
recrystallization  to  form  a  heterogeneous  fibrous -columnar  structure.  This  recrystal¬ 
lization  behavior  is  associated  with  the  deliberate  addition  of  doping  impurities.  These 
additions  are  useful  in  resisting  sag  of  the  wire  for  their  intended  use  as  lamp  filaments 
and  in  promoting  the  type  of  structure  in  the  wire  which  is  associated  with  increased 
creep  resistance  at  incandescent  temperatures.  When  used  at  lower  temperatures,  how- 
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ever,  these  characteristics  might  influence  the  ductility  behavior  of  the  wire.  The  duc¬ 
tility  of  the  wire,  in  worked  form  with  a  fibrous  grain  structure,  is  good  compared  with 
wrought  tungsten  sheet.  Good  ductility  might  be  obtained  if  the  impurities  were  dispersed 
throughout  the  structure,  which  would  be  expected  to  result  from  the  extensive  wire¬ 
drawing  process.  The  onset  of  recrystallization,  as  shown  by  the  formation  of  columnar 
grains,  might  upset  this  uniform  distribution  of  impurities.  Recrystallization  of  the 
grains  may  sweep  these  impurities  to  the  grain  boundaries  in  a  manner  similar  to  that 
suggested  by  reference  25.  The  concentration  of  these  impurities  at  the  grain  boundaries 
might  be  expected  to  affect  the  ductility  seriously. 


^ONCLUSION^ 

The  stress -rupture  properties  of  5-mil-diameter  tungsten  wire  were  determined 
for  rupture  times  up  to  about  200  hours  and  for  temperatures  from  1200°  to  2500°  F. 
Rupture  properties  were  correlated  to  microstructure,  microhardness,  and  ductility. 

The  results  obtained  led  to  the  following  conclusions: 

1.  The  stress  levels  that  were  maintained  for  long  rupture  times  were  superior  to 
those  reported  for  other  forms  of  tungsten,  other  refractory  metals,  and  superalloys. 

The  superior  properties  indicated  that  the  wire  showed  promise  as  a  potential  fiber  rein¬ 
forcement  in  the  1200°  to  2500°  F  temperature  range. 

2.  Decreases  in  microhardness,  reduction-in-area  ductility,  and  a  coarsening  of 
grain  size  were  observed  at  temperatu^s  between  1800°  and  2000°  F.  These  changes 
indicated  the  onset  of  primary  recrystallization.  Changes  observed  in  rupture  life  above 
these  temperatures  were  also  related  to  primary  recrystallization. 

3.  The  strength  superiority  of  the  wires  over  the  other  forms  of  tungsten  was  main¬ 
tained  to  the  highest  temperature  tested  (2500°  F),  which  was  well  beyond  the  onset  of 
primary  recrystallization. 


Lewis  Research  Center, 

National  Aeronautics  and  Space  Administration, 
Cleveland,  Ohio,  March  17,  1966. 
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